A model of primary sensations and spatial sensations is proposed by Ando (2001). The model of the auditory-brain system includes the autocorrelation function (ACF), the interaural cross-correlation function (IACF) mechanisms. At present, environmental noises are evaluated by sound level such as equivalent continuous A-weighted sound pressure level (LAeq). However, we sometimes feel annoyed with sound with low sound level because of the quality. Sound quality can be characterized by factors obtained from ACF and IACF of sound. For example, pitch and pitch strength can be characterized by delay time and amplitude of the maximum peak of the ACF. Directional sensation can be characterized by delay time and amplitude of the maximum peak of the IACF. To verify the model, we investigated how ACF and IACF factors are coded in our human brain. The results indicated that delay time and amplitude of the maximum peak of the ACF and IACF are coded by the latency and strength of brain activity.
INTRODUCTION
Pitch plays an important role in all aspects of hearing. Pitch phenomena can be explained in terms of the frequency composition or the time structure of the sound. In temporal models of pitch perception, it is assumed that the pitch is extracted with autocorrelation function (ACF) (Licklider 1951; Meddis and Hewitt 1991; Cariani and Delgutte 1996) . Regarding the pitch and strength of pitch, psychophysical research has revealed that the pitch and the strength of the pitch corresponds well to the delay time and amplitude of the maximum peak of the ACF, W 1 and I 1 , of the sound (Wightman 1973; Yost 1996) .
The most important cues for sound localization in human are the differences in intensity (ILD) and timing (ITD) of the sound received at the two ears. ITDs can be measured as W IACC by the interaural cross-correlation function (IACF) between two sound signals received at the left and right ears. The width of the sound image changes according to the interaural cross-correlation (IACC) (Licklider 1948; Ando and Kurihara 1986) . When sounds are delivered dichotically, the sound image varies with the IACC of the sound. If the IACC is high, the sound image is fused and occupies a narrow region. As the IACC decreases, the sound becomes more diffuse. Lateralization performance has been previously measured as a function of the degree of IACC (Jeffress et al., 1962; Zimmer and Macaluso 2005) , and the results showed that lateralization performance decreases as the IACC is reduced.
We investigated how features of sound related to pitch, W 1 , pitch strength, I 1 , and lateralization performance, IACC and W IACC , are represented in the human brain by Magnetoencephalography (MEG). MEG is a noninvasive technique for investigating neuronal activity in the living human brain. MEG measures the weak magnetic fields produced by electric currents flowing in neurons. The measured signals are generated by the synchronized neuronal activity related to sensory inputs, such as sound and light.
METHODS
Ten normal-hearing participants participated in the experiment. Informed consent was obtained from each subject after the nature of the study was explained. The study was approved by the ethics committee of the National Institute of Advanced Industrial Science and Technology (AIST).
To control W 1 and I 1 , the iterated rippled noise (IRN) was produced by a delay-and-add algorithm applied to the bandpass noise that was filtered using fourth-order Butterworth filters between 100-3500 Hz. The delay (W 1 ) was set to 1, 2, 4, 8, 16, 32, and 64 ms, corresponding to frequency of 1000, 500, 250, 125, 62.5, 31.3, and 15.6 Hz, respectively. The number of iterations of the delay-and-add process was set to 2 and 32. The I 1 increases as the number of iterations increases. Examples of temporal waveforms, spectra, and ACF of some of the stimuli are shown in Fig. 1 .
The IACC of the stimuli was controlled by mixing in-phase diotic bandpass and dichotic independent bandpass noises in appropriate ratios (Blauert and Lindemann 1986) . For stimulus lateralization, two cues were available to participants: envelope W IACC and ongoing W IACC . In this experiment, the envelope W IACC was zero for all stimuli, and the ongoing W IACC was varied. Here, "envelope" refers to the shape of a gating function with 10-ms linear ramps at the onset and offset. Examples of temporal waveforms, spectra, and IACFs of some of the stimuli are shown in Fig.  2 .
The stimulus duration used the experiments was 0.5 s, including rise and fall ramps of 10 ms. Sound were presented binaurally to the left and right ears through an insert earphones with 29-cm plastic tubes and eartips inserted into the ear canals at SPL of 60 dB, and the ILD was set to 0 dB.
Brain activities evoked by the sound stimuli were recorded using a 122 channel whole-head magnetometer (Neuromag-122TM) in a magnetically shielded room. In order to maintain a constant vigilance level, the participants were instructed to concentrate on a self-selected silent movie that was being projected on a screen in front of them and to ignore the stimuli. Magnetic data were sampled at 400 Hz after being bandpass-filtered between 0.03 and 100 Hz, and then averaged approximately 100 times. The averaged responses were digitally filtered between 1.0 and 30.0 Hz. The analysis time was 0.7 s from 0.2 s prior to onset of the stimulus. The prestimulus period (average of the 0.2 s) was used as the baseline level. The peak latency having the maximum value of the root mean square (RMS) amplitudes in the latency range of 70-130 ms over each left and right hemisphere was defined as the latency of the N1m in each subject.
Source analysis based on the model of a single moving equivalent current dipole (ECD) in a spherical volume conductor was applied to the measured field distribution . This gave estimates of the location and strength of auditory cortical activity. Source estimations were performed with a subset of 18-28 channels over each hemisphere around the latency of the N1m. The ECD location and moment were determined as the best fit that maximally accounts for the measured magnetic field distribution. These estimates were accepted for further analyses if the goodness of fit of the field of the estimated ECD to the measured magnetic field was >80%. We define the ECD moment as the amplitude of the N1m hereafter. 
RESULTS AND DISCUSSION
All the stimuli elicited prominent N1m responses, which is found approximately at 100 ms after the stimulus onset in both the left and right hemispheres, with the near-dipolar field patterns, as shown in Fig. 3 . This indicates the sources of the response was in the vicinity of the auditory cortex of each hemisphere. Figure 4 shows the mean amplitude and latency of the N1m as a function of W 1 (IRN delay) when the number of iteration was 2 and 32. The maximum amplitude of the N1m was produced by the 1-ms of W 1 , which correspond to a frequency of 1000 Hz. In previous studies, the N1m amplitude reached maximal levels at a frequency of approximately 1000 Hz and decreased at higher or lower frequencies for pure tone (Pantev et al., 1995) and narrowband noises (Soeta et al., 2006) . These results are consistent with the present findings. Moreover, for IRNs with 32 iterations, the N1m amplitude decreased sharply for W 1 between 16 and 32 ms (diamonds in Fig. 4a ). This is remarkably similar to the results of pitch onset response . This suggests that the amplitude of the pitch-related response reflects the lower limit of the audible pitch range (e.g., Pressnitzer et al., 2001 ). For IRNs with 2 iterations, the sharp decrease in the N1m amplitude was shifted towards smaller delays, which further corroborates the notion that the amplitude of the pitch-related response reflects pitch strength as a function of pitch. This is consistent with previous MEG Soeta et al., 2005a; Soeta et al., 2005b) and functional magnetic resonance imaging (fMRI) results (Griffiths et al., 1998; Griffiths et al., 2001; Penagos et al., 2004) .
The longest latency of the N1m was observed at a W 1 between 8 and 16 ms, whereas shorter and longer delays yielded relatively shorter N1m latencies (Fig. 4b) . The current results are consistent with previous findings that the latency of the response to pure tones (Roberts and Poeppel 1996; Stufflebeam et al., 1998; Seither-Preisler et al., 2003) , harmonic complex tones (Langner et al., 1997; Crottaz-Herbette and Ragot 2000; Seither-Preisler et al., 2006) , and bandpass filtered noises (Soeta et al., 2006 ) also tend to increase with decreasing W 1 (pitch) up to some point. Figure 5 shows the average ECD locations of ten participants for the different stimulus conditions. The ECD location of the N1m for W 1 of 32 and 64 ms was slightly posterior compared to those for shorter delays. MEG responses evoked by regular and irregular click trains revealed that the sustained responses can be explained by the combination of an anterior source in lateral Heschl's gyrus, which is particularly sensitive to regularity and largely insensitive to intensity, and a posterior source in planum temporale, which is particularly sensitive to intensity and largely insensitive to regularity (Gutschalk et al., 2002) . This is in good agreement with the present findings that the source of the N1m for W 1 of 32 and 64 ms was slightly posterior compared to those for shorter delays. This suggests that at least part of the N1m generators are related to temporal pitch extraction that is based on W 1 , supporting the previous findings Gutschalk et al., 2002; Gutschalk et al., 2004; Seither-Preisleret al., 2004) . Figure 6 shows the N1m amplitude as a function of W IACC . When the IACC of the stimulus was 0.95, the N1m amplitude increased with increasing W IACC in the right hemisphere in the case of a left-leading stimulus, and in both the left and right hemispheres in the case of a right-leading stimulus. When the IACC of the stimulus was 0.5, the N1m amplitudes increased with increasing W IACC only in the right hemisphere in the case of a left-leading stimulus. This result is consistent with previous findings Sams et al., 1993; Palomäki et al., 2005) . The N1m amplitude increased slightly with increasing W IACCs in the hemisphere contralateral to the W IACCs when the IACC of the stimulus was 0.5. Lateralization performance worsens with decreasing IACCs (Jeffress et al., 1962; Zimmer and Macaluso 2005) ; therefore, the present results may indicate that lateralization performance is reflected in N1m amplitudes. Put another way, there is a close relationship between the N1m amplitudes and the IACCs and W IACCs of the stimuli. Figure 7 shows the averaged ECD locations in the left and right hemispheres. The location of the ECDs underlying the N1m responses did not vary as a function of W IACC or IACC, a finding in agreement with previous MEG results Sams et al.,1993; Soeta et al., 2004) .
Recently it has been suggested that W IACCs may be coded by the activity level in two broadly tuned hemispheric channels (Brand et al., 2002; McAlpine et al., 2001; McAlpine et al., 2003; Stecker et al., 2005) . The present study showed that the N1m amplitude varies with the W IACC ; however, the location of the ECDs underlying the N1m responses did not vary with the W IACC . This suggests that different W IACCs are coded non-topographically but by response level. Thus, the current data seem to be more consistent with a two-channel model (Brand et al., 2002; McAlpine et al., 2001; McAlpine et al., 2003; Stecker et al., 2005) rather than a topographic representation model (e.g., Jeffress 1948).
FIGURE 7.
Mean ECD location (r SEM) of all participants in the left and right temporal planes when the IACC was 0.95 and 0.5.
